Background: Validation of subclavian duplex ultrasound velocity criteria (SDUS VC) to grade the severity of subclavian artery stenosis has not been established or systematically studied. Currently, there is a paucity of published literature and lack of practitioner consensus for how subclavian duplex velocity findings should be interpreted in patients with subclavian artery stenosis.
Left subclavian and brachiocephalic arteries are the critical sources of blood flow for arm circulation. 1 Atherosclerotic subclavian occlusive disease is mainly asymptomatic secondary to significant collateral circulation, but in subset group of patients, symptoms may occur. Symptoms are mainly related to posterior cerebral circulation arterial insufficiency (subclavian steal syndrome [SSS]), 2 arm claudication, inadequate flow reserve for arteriovenous dialysis conduits, or coronary angina inpatient with internal mammary coronary bypass graft (coronary-subclavian steal). 3 In the case of subclavian disease it is often direct or indirect reduction of flow to the target organ that causes symptoms, unlike symptomatic carotid occlusive disease, which is mainly secondary to atheroembolic disease. Atherosclerosis is the main etiology for subclavian stenosis; however, other nonatherosclerotic causes such as large cell arteritis, thoracic outlet syndrome, and radiation arteritis do occur. 4 One study reported a prevalence of subclavian stenosis of 1.5% in patients with no underlying peripheral arterial disease, 4.3% in hypertensive patients, 4.3% in patients with a history of smoking, 6 .8% in patients with diabetes mellitus, 7.6% in patients with cerebrovascular disease, and 11.5% in patients with peripheral arterial disease. 5 Another report indicated subclavian stenosis of $50% stenosis may occur up to 19% in patients with peripheral vascular disease. 6 However, higher high-density lipoprotein has been inversely correlated with incidence of subclavian stenosis. 7 Clinicians rely mainly on blood pressure difference between the two arms, with significant subclavian stenosis defined as $15 mm Hg inter-arm pressure difference. 7 The same study reported that significant subclavian stenosis is present in approximately 2% of the freeliving population and 7% of the clinical vascular patient population. 7 Presently, there is no current consensus to validate subclavian duplex ultrasound velocity criteria (SDUS VC) for the grade or severity of subclavian artery stenosis. The paucity of published literature and lack of consensus among practitioners for what SDUS VC should be considered when evaluating subclavian artery stenosis motivated the authors to address this question.
METHODS
This was a retrospective review of subclavian arteries of patients with suspected/treated subclavian artery stenosis, contralateral arteries of patients with suspected/ treated subclavian artery stenosis, and a convenience sample of subclavian arteries from carotid artery patients who underwent SDUS and subclavian angiogram (SA) (conventional or computed tomography angiogram) from May 1999 to July 2013 (Fig 1) . Indications for subclavian interventions included vertebrobasilar insufficiency secondary to subclavian steal, upper extremity discomfort that limits daily activity, angina pectoris associated with coronary steal syndrome, and compromised inflow in patient with arteriovenous fistulae. The study was approved by our governing Institutional Review Board and conducted in accordance with the Health Insurance Portability and Accountability Act requirements and the prevailing ethical principles governing research. The Institutional Review Board waived informed consent because of the retrospective study design. Vessel diameters were measured by SA, and corresponding SDUS velocities were recorded. Percent stenosis was calculated using the North American Symptomatic Carotid Endarterectomy Trial (NASCET) method for detecting stenosis in a sufficiently large cohort. Multiple respected radiologic studies 8, 9 have used NASCET criteria to evaluate arch vessels stenosis. In the current study, all vertebral arteries originated from subclavian arteries. All subclavian arteries with both measurements (peak systolic velocity [PSV] measured by duplex ultrasound and percent stenosis measured by angiogram) were included. However, subclavian arteries with retrograde vertebral flow, where the PSVs were often unmeasurable or nonexistent were excluded from further analysis.
Definitions. Hypertension is defined as >140 mm Hg systolic blood pressure and >90 mm Hg diastolic blood pressure. Patients with peripheral vascular disease are patients with leg claudication (ankle brachial index <0.9 in patients without diabetes) or compromised flow on the arterial Doppler waveforms (in patients with diabetes).
Subclavian stenosis is the severity of area reduction as determined by NACSET criteria. SSS is severe subclavian stenosis with retrograde flow through vertebral artery. SSS is categorized as either complete (ie, retrograde vertebral artery flow throughout cardiac cycle) or partial (ie, retrograde vertebral artery flow during systole and cephalad flow during diastole). 10 Symptomatic SSS includes posterior cerebral insufficiency, arm ischemia, and possible coronary artery symptoms if patient has a history of coronary artery bypass graft.
SDUS. All studies were done in an Intersocietal Accreditation Commission laboratory, by a registered vascular technologist. All studies were part of our formal carotid duplex and extracranial carotid artery imaging protocol. PSV measurements were obtained for our entire cohort following a standard protocol. Examinations were performed using Philips (Koninkijke Philips N.V., Amsterdam, The Netherlands). The angle between the ultrasound beam and the direction of blood flow was maintained at #60
. A linear-array transducer of 5 MHz was used. Three essential components were reported for each subclavian artery (PSV, direction of vertebral blood flow, and change in wave form from triphasic to biphasic or monophasic). In SDUS three waveforms may be encountered. In normal arteries, there is a triphasic wave: rapid systolic anterograde flux, short retrograde flux in early diastole, and slow anterograde flux in late diastole. When stenosis is encountered, the wave becomes biphasic, losing its diastolic components and systolic anterograde flow is followed by Doppler-silence during diastole. In severe stenosis, the wave becomes monophasic: rapid anterograde flow during systole and slow anterograde flow during diastole, usually with low velocities, turbulence, and rounded peaks. Recommendation: It is suggested that ultrasound has high sensitivity for detecting subclavian artery stenosis compared with angiography.
ARTICLE HIGHLIGHTS
SAs. After using the femoral approach for access, we typically used a 5F sheath and a Hi Torque Supra Core wire (Abbott Vascular, Santa Clara, Calif). A variety of different diagnostic catheters was used for manipulation, depending on the angle of the origin of the subclavian artery. Imaging was usually performed in at least two views. A left anterior oblique view between 20 and 30
, for the best profile the ostium of the left subclavian artery. A right anterior oblique view using the same degree of angulation was used to identify the ostium of the right subclavian artery. In the case of subclavian artery stenosis, each lesion was crossed in a gentle nontraumatic fashion. Both right and left subclavian arteries were accessed in a similar fashion, where the right subclavian artery usually required a gentle passage of all devices through the brachiocephalic trunk. We normally used angle glides and catheters. In the event of a total occlusion, more aggressive wires were often used to traverse the lesion. This required guide catheters that offered more support. After crossing the stenosis with a guidewire, the catheter was pushed across the lesion into the distal subclavian artery. At this point, confirmation of a "true lumen" presence was mandatory. We used the IMPAX X-Ray Angio Analysis software package (AGFA Healthcare, Greenville, SC), with built-in quantification and calibration of digital images to measure artery stenosis. The NASCET style ratio calculations were applied to the millimeter measurements of stenosis, and artery diameter derived from the software package to determine the amount of angiographic stenosis (Fig 2, a and b ) If subclavian interventions were necessary, then the procedures were performed at same time of diagnostic angiograms in the circulatory dynamic laboratory with the patient under local anesthesia. All procedures were performed via transfemoral approach with Seldinger technique using standard access techniques. All therapeutic interventions were done via 6F shuttle sheath to provide coaxial support; balloon expandable stents were used. 11 Statistical analysis. All analyses were performed using SPSS (IBM SPSS Statistics for Windows v 19.0, released 2010; IBM Corporation, Armonk, NY). Descriptive statistics are expressed in terms of frequencies, percentages, or means þ 1 standard deviation. Categorical variables were tested by c 2 or Fisher exact tests, and continuous variables were tested by Student t-test when deemed appropriate. A P value of .05 or less was considered significant. Pearson product-moment correlations were conducted to measure the linear correlation between SDUS measurements and angiogram measures of stenosis. Receiver operating characteristic (ROC) curves were generated to determine the cutoff points of SDUS measurements that best predict >70% angiographic stenosis; the optimal duplex velocity cutoff points were determined with equal weighting of sensitivity and specificity by applying the Youden index.
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RESULTS
We examined 268 arteries for 177 patients. Fifty-three percent of the arteries were for female patients with a mean age of 66.7 6 11.1 years. Twenty-three arteries had 104 subclavian arteries of paƟents who were treated for subclavian stenosis 112 subclavian arteries from contralateral arteries of paƟents treated for subclavian stenosis and/or from paƟents evaluated for suspected subclavian stenosis 52 subclavian arteries from paƟents who were evaluated for caroƟd disease 268 subclavian arteries were included 23 subclavian arteries with retrograde flow in vertebral arteries were excluded 245 subclavian arteries for final analysis For the remaining 245 arteries, the average PSV was 212.6 6 110.7 cm/s, with a range of 45-626 cm/s. Average stenosis was 25.8% 6 28.2%, with a range of 0%-100%. More of available artery measurements were on the left side (53%). PSV and percent stenosis for left side arteries were significantly higher than for the right, 228.2 6 120.9 vs 195.3 6 95.4 cm/s (P ¼ .019) and 32.06 6 29.8 v. 19.4 6 25.1% (P < .001). We found that for 18/23 (78.3%) the SSS was complete and partial in 21.7% of patients.
The distribution of stenosis among the remaining 245 subclavian arteries was 187 (76.3%) normal, 58 (23.7%) >50% stenosis, 33 (13.5%) >70% stenosis, and finally 2 (0.8%) were fully occluded. In addition, we found significant differences in PSV and angiographic stenosis associated with the different types of waveforms. Moving from tri-, bi-, to monophasic subclavian wave forms, we found 188. 8, 192.7 , and 339 cm/s (P < .001) and 17.8%, 21.7%, and 53.8% stenosis (P < .001). There was a moderate to high significant correlation found between duplex ultrasound PSVs and measured angiographic stenosis was R ¼ 0.681 (R 2 ¼ 0.46; P < .001).
The ROC curve analysis resulted in producing an area under the curve (AUC) of 0.94 with a 95% confidence interval of 0.91 to 0.97 (P < .001; Fig 3) . Following the ROC analysis and by using the Youden index criteria, it was determined that a cutoff value of >240 cm/s was most predictive of >70%. The sensitivity and specificity for predicting >70% stenosis was 90.9 and 82.5%, respectively (Table) . A second ROC analysis was conducted to predict >50% stenosis, and it resulted in producing an AUC of 0.91 with a 95% confidence interval of 0.87 to 0.96 (P < .001; Fig 4) . After applying the Youden index criteria, it was determined that a cutoff value of >280 cm/s was most predictive of >50%. The sensitivity and specificity for predicting >50% stenosis was 74.1 and 94.7%, respectively. As you can also see in the Table, if cutoff points were selected based on accuracy (or number of correctly identified cases), then a cutoff point of >280 cm/s would be used for both >50% and >70% stenosis, with 89.8% (220/245) and 87.8% (215/245) accuracy, respectively. If selecting a cutoff point based on positive predictive value (PPV), then >280 cm/s would be used for both >50% and >70% stenosis as well.
DISCUSSION
Duplex ultrasound of the subclavian artery is an essential noninvasive component for evaluating patients with Receiver operating characteristic (ROC) curve for >70% angiographic stenosis using duplex ultrasound peak systolic velocity (PSV). AUC, Area under the curve; CI, confidence interval. suspected symptomatic subclavian artery disease. In the current study, we examined 268 arteries in 177 patients and as reported in other studies, 14 53% of the arteries were for female patients, and the mean age was 66.7 6 11.1 years. In this cohort, subclavian stenosis was always located proximal to the origin of vertebral artery and all vertebral arteries originated from subclavian arteries. We also found that when subclavian artery occlusion occurred, 94% extended to the origin of subclavian artery. SSS is secondary to vertebrobasilar insufficiency and occurs when a proximal subclavian stenosis creates a vertebral artery gradient that favors reverse flow into the arm. 15 One recent study recommended elevated arm pressure different of (>40-50 mm Hg) is more commonly associated with SSS. 10 In our study, SSS was detected in 23 arteries with retrograde vertebral artery flow. Intuitively, we excluded this subset of patients because if symptoms exist, then those patients should be treated conservatively with risk modification and interventions were saved for only those with incapacitating symptoms. In addition, velocity of occluded vessels was generally be near 0 cm/s (or very low), and this would further skew the data and subsequently the cutoff point analysis. These patients had inter-arm SBP difference of 30-50 mm Hg; 92% presented with posterior cerebral circulation insufficiency and 8% with incapacitating arm claudication. SSS was complete in 78.3% and partial in 21.7% of patients. Of all patients with SSS, 84% had percutaneous endovascular interventions with revascularization and 16% underwent carotid subclavian bypass. Sensitivity and specificity (S&S) of duplex ultrasound has been extensively examined in extracranial carotid occlusive disease. Using Society of Radiologists in Ultrasound criteria, S&S of duplex ultrasound in diagnosing $70 stenosis are 94% and 92%, respectively. 16 In the present study, there was a significant correlation found between duplex ultrasound PSVs and measured angiographic stenosis was R ¼ 0.681 (P < .001). Likewise, it appears feasible to use SDUS to screen and predict angiographic stenosis >70%. For the reliability of SDUS, 1 study suggested duplex scanning of the vertebral artery has a sensitivity of 0.80 and a specificity of 0.83 for the detection of an obstructive lesion of $50% at the site of the ostium; however, for S&S, values were 0.73 and 0.91, respectively. Generally speaking, for extracranial circulation, duplex ultrasound has a very high negative predictive value of 0.96 to 0.97. The S&S for predicting >70% stenosis was reported as 90.9% and 82.5%, respectively. 17 Similarly, we report a high AUC (0.94) with S&S rates of 90.9 and 82.5. An interesting, counterintuitive and apparently difficult to explain finding of our study was that the optimal cutoff value of >240 cm/s best predicted >70% stenosis, while a value of >280 cm/s best predicted >50% stenosis. This can be partly explained by the use of the Youden index in our study to determine the optimal cutoff point, which treats S&S equally. As can be viewed in the Table, the 240 cm/s cutoff produced a high sensitivity for predicting >70%, whereas the 280 cm/s cutoff produced a high specificity for predicting >50% stenosis. However, the cutoff point is based on the best mathematic point to predict whether or not the event occurred. Thus, if velocity is greater than 240 cm/s, then there is a good chance that the stenosis is more than 70%. The sensitivity is 90.9 using 240 cm/s (Table) ; we correctly identified 30 
Fig 4.
Receiver operating characteristic (ROC) curve for >50% angiographic stenosis using duplex ultrasound peak systolic velocity (PSV). AUC, Area under the curve; CI, confidence interval.
out of 33 cases. A cutoff point of >280 cm/s best predicted >50% stenosis with a specificity of 94.7% (177 out of 187 negatives). At first glance, it does not appear to make sense that the cutoff point for 50% was greater than it was for 70%. Usually, it should be thought that a higher cut point would be used for a larger degree of stenosis, which would be the case if the most important factor was PPV or the accuracy (eg, highest percent of cases for those who tested positive). It is basically a trade-off where highest S&S can be selected. Yet, the sensitivity was very good, but it is a characteristic of this test. For a clinician, however, the important fact is among the people who test positive; in our case only about 50% actually had the disease (ie, PPV). Therefore, using a PSV of 280 cm/s would increase the PPV. Perhaps it would be better to use a slightly higher cutoff value to reduce the number of patients who would require additional testing. Likewise, the total number of cases evaluated correctly (accuracy) would suggest using the 280 cm/s cutoff for, but does not have the ability to discriminate between >50 and >70% stenosis. As is noted in the limitations section that follows, it could also be partially explained by our data sample. We used patients with suspected subclavian or carotid disease; the velocities for asymptomatic patients may not be the same. Most of our values >70% were from subclavian patients, whereas most of the lower values less than 70% came from contralateral arteries or from patients with suspected carotid disease. Nevertheless, our results suggest that velocities >240 cm/s is enough to raise concern and closer follow-up (ie, either 50% or 70%), while values >280 cm/s is perhaps too high; it decreases sensitivity and some cases are missed. There are two studies that indicated SDUS of peak velocity ratio greater than 5.5 was indicative of $75% subclavian artery stenosis. 18, 19 For the future, we plan to conduct additional studies in an attempt to validate and/or help to calibrate the cutoff points for all current findings. It is likely, that expanding our data collection to include the results (ie, angiographic stenosis) of the corresponding carotid angiograms might provide some insight and possible reasons for some of the variation of the current data.
Limitations. The current study has several important limitations. First and foremost is the retrospective design that introduces all of the inherent bias and concerns of selection rather than control or assignment. Although the same software package and techniques were used for computed tomography and standard angiogram, it is unknown if type of imaging differentially influence the results. Next, as mentioned above, there is a concern over the actual convenience sample, where patients were selected based on having suspected subclavian or carotid disease. To find the cutoff point, we needed patients with various amounts of subclavian stenosis, and we needed patients that had both angiograms and duplex ultrasound measurements of the subclavian artery. Although not perfect, the sample did provide a good range of stenosis with positive and negative cases that could be tested. And finally, although all imaging was provided in the same manner and in the same laboratory, several different technicians participated over the study period. A velocity value by itself should not be the only criterion for detecting or treating stenosis. It is difficult to conduct planimetric evaluation of the stenosis in the left subclavian with ultrasound, but a little easier on the right side. Evaluation of other contributing factors such as presence of turbulence and its length of persistence can make diagnosis more robust.
CONCLUSIONS
This is the first reported study to attempt to correlate subclavian duplex examination criteria to the severity of subclavian artery stenosis. We found the Youden index optimal cutoff point for PSV to be >240 cm/s, which provided excellent sensitivity for predicting >70 subclavian artery stenosis. However, based on other criteria such as PPV or accuracy, then a PSV of >280 cm/s could be used. We suggest that additional studies can help validate the current findings or perhaps produce better cutoff points.
